The pattern of depth and gravity anomalies in the North Atlantic Ocean was examined by using 1 o X i o and 5 ø X 5 ø averages. The gravity field is dominated by two features: a broad h!gh in the northern and central portion of the ocean and a large area of very negative anomalies in the western basin. The negative anomaly in the western North Atlantic has no expression in residual depth anomalies and does not appear to be related to surface features. The North Atlantic Gravity High is bounded on the south by an important and distinct boundary near 30øN which is present in both depth and gravity anomalies. North of this latitude, residual gravity anomalies (corrected for the 'ridge anomaly') take the form of a very broad high of about 20 mGal with the values along isochrons nearly constant from 30øN to at least as far north as 75øN. The depths within this region are consistently shallow with 5 ø X 5 ø average residual depth anomalies which vary greatly from a few hundred meters near the Charlie Gibbs fracture zone to a few thousand meters near Iceland and the Azores. We used three-dimensional spherical earth models to investigate simple compensated mass distributions which could explain the observed depth and gravity anomalies. The acceptable family of models has the common characteristics that within the anomalous region north of the 30øN boundary a portion of the compensation must be distributed to depths of several hundred kilometers and that this deep mass deficiency must be nearly uniform throughout the area. However, the compensation for more local features within this region must be shallow (within the lithosphere). Thus the topographic highs surrounding Iceland and the Azores are compensated within the lithosphere, but the overall elevation is maintained at some greater depth by • mass deficiency in the asthenosphere. This mass deficiency can be explained by an increase in temperature of about 75øC. Thus the gravity data enable us to establish the presence of a very large upper mantle hot spot that might be associated with the broad overall compensation of the entire North Atlantic north of 30øN. Whether this upper mantle hot spot is associated with a deep mantle plume is uncertain, since the gravity effect of a plume is undetectable. However, its presence suggests that the immediate source of the unusual amount of material erupted at Iceland and the Azores is within the upper mantle.
INTRODUCTION
When it is compared with other oceans, the North Atlantic exhibits an unusual pattern of oceanic depths and gravity anomalies. Cochran and Talwani [1977] examined 5 ø X 5 ø average gravity anomalies and residual depth anomalies (the depth expected for ocean floor of a given age minus the observed basement depths corrected for sediment loading) throughout the world's oceans. They found that the 5 ø X 5 ø depth anomalies are generally less than about 500 m, with larger positive values found mainly surrounding regions of extensive past or present volcanism away from the midocean ridge, such as the Hawaiian Swell. In these regions the topographic swell is usually about 1000-1500 km across and is found to be associated with a positive gravity anomaly of comparable extent. A large portion of the North Atlantic is also associated with large positive depth anomalies. This is The purpose of this study is to examine the gravity anomalies and depths in the entire North Atlantic to find what patterns exist and quantitatively investigate how they might arise. We will be particularly interested in the area of the MidAtlantic Ridge north of 30øN in which positive gravity anomalies and shallow depths are found.
ø X ø AND 5 ø X 5 ø FREE AIR GRAVITY ANOMALIES
We have compiled 1 ø X 1 ø average free air gravity anomalies over the North Atlantic and present these data in Figure 1 . The 1 ø X 1 ø averages are combined to form 5 ø X 5' averages which are shown in Figure 2 . The 5 ø X 5 ø field was sampled at 1 ø intervals provided that at least 13 1 ø X 1 ø averages were present within a 5 ø X 5 ø square. The sources of data and method of obtaining the averages are discussed in Co&ran and Talwani [1977] , and the values are tabulated there.
The gravity anomalies in Figures 1 and 2 and throughout this study are referred to the hydrostatic figure of the earth (flattening, 1/299.7). This ellipsoid was chosen because it represents the stress free figure of the earth and departures from it must be supported in some manner. The difference between various ellipsoids appears as a slowly varying level change, and the choice of a particular reference ellipsoid will thus affect only the longest-wavelength anomalies. Talwani et al. [1972] present a plot of the difference between the hydrostatic, best fitting, and international reference ellipsoids as a function of latitude.
The most prominent large-scale features of the free air gravity anomaly maps are a gravity high over the Mid-Atlantic Ridge crest and the pronounced asymmetry of the field with respect to the Mid-Atlantic Ridge. The gravity anomalies in the eastern basin tend to be near zero or slightly negative, while large negative values are found in the western basin. teras Abyssal Plain southeast of Cape Hatteras and reach values of about -60 mGal. The area of negative anomalies is interrupted near 65øW by a north-south trending relative gravity high over the Bermuda Rise.
The crest of the Mid-Atlantic Ridge is also the peak of a gravity high in the 1 ø X 1 ø average anomalies. Even at the Azores, where a gravity high is centered just off the ridge crest over the islands (near 27.5øW), there is another distinct maximum over the ridge crest (centered near 32øW). The 1 ø X 1 ø average free air anomalies over the ridge crest are close to zero in the southern part of the map. The anomalies over the ridge crest increase to about 20 mGal north of the Kane fracture zone near 24øN and then increase again to about 40 mGal between 30 ø and 35øN. They generally remain in the range of 40-50 mGal from about 33øN to the northern limit of our data at 80øN (Figure 1) . The largest 1 ø X 1 ø average free air anomaly over the ridge crest is 63 mGal at 48.5øN. The 1 ø X 1 ø average gravity anomalies reach 68 mGal in southeastern Iceland, but this high appears to be associated with the VatnajiSkull glacier rather than the ridge crest.
The 5 ø X 5 ø average anomalies (Figure 2) , as is expected, suppress most of the short-wavelength anomalies in the 1 ø X 1 ø anomaly map. The boundary at 30øN is clearly expressed in the 5 ø X 5 ø average gravity field. The 0-, 10-, and 20-mGal contours to the east of the ridge crest trend perpendicular to the ridge at that latitude, as do the -10-and -20-mGal contours to the west of the ridge crest. The offset of the gravity contours at 30øN on the east side of the ridge crest is also seen in the 5 ø X 5 ø average topographic contours (Figure 2 ). Another important feature of the 5 ø X 5 ø average free air gravity anomaly map is intermediate-wavelength (1000-2000 km) gravity highs surrounding areas of unusual elevation. Many of these, such as Bermuda, the Cape Verde Islands, the Canary Islands, and Madeira, have been locations of extensive volcanic activity away from the midocean ridge system. Cochran and Talwani [1977] examined surface ship gravity anomalies over midocean ridges in all of the world's oceans and found that they consistently show midocean crests to be associated with a relative maximum in the free air gravity field which they were able to quantify in terms of an empirical 1 ø X 1 ø average gravity-age relationship (Figure 3) . They found that the 1 ø X 1 ø average free air gravity anomalies resulting from current thermal models of the lithosphere [Sclater.and Francheteau, 1970; Lambeck, 1972; Parker and Oldenberg, 1973] are generally compatible with the observed gravity anomalies, although the thermal models predict a greater spreading rate dependence than is observed. Cochran and Talwani [1977] found a second-order spreading rate dependence of the 1ø X 1 ø average gravity anomalies associated with the midocean ridge system such that very fast spreading ridges are associated with a roughly 20-mGal gravity high at the ridge crest, while very slow spreading ridges such as those in the North Atlantic are associated with a 25-to 30-mGal high. The observed difference between fast and slow spreading ridges is much less away from the ridge crest. COchran and Talwani [1977] concluded that the observed gravity anomalies could be adequately described by a curve in which only the primary dependence on age is considered and that it is more useful to establish a standard relationship for all oceans and discuss second-order variations between oceans than to establish a separate curve for each ocean. In addition to the gravity high over the ridge crest, compensated models of midocean ridges produce broad bands of slightly negative anomalies (see Figure 6 ). These small negative anomalies are difficult to separate from the background field and are not included in the empirical curve for the sake of simplicity.
RESIDUAL GRAVITY AND DEPTH ANOMALIES
The empirical gravity-age relationship determined by Cochran and Talwani [1977] appears to be the result of the ridge and its compensation and is related to the evolution of the oceanic lithosphere. It is therefore reasonable to remove it from the observed 1 ø X 1 ø free air gravity anomalies to allow the residual anomalies due to other causes to be examined.
We obtained 1 ø X 1 ø average residual gravity anomalies in the North Atlantic Ocean by assigning an age to each 1 ø X 1 ø square from the magnetic isochron maps of Pitman and Tal Residual depth anomalies were prepared in the same manner as were the residual gravity anomalies and are referred to the depth-age curve shown in Figure 3b . Ages were determined for the older portions of the North Atlantic from the magnetic isochron maps of Larson and Pitman [1972] by using the Mesozoic time scale of Larson and Hilde [1975] . The sign convention used is that shallow areas have positive depth anomalies. The observed 1 ø X 1 ø average depths were obtained from bathymetric maps of Uchupi [1971] . Corrected basement depths were obtained by adding half of the 1 ø X 1 ø average sediment thickness to the water depth to allow for the effect of sediment loading. This is equivalent to assuming local compensation and a density of 2.2 g/cm 8 for the sediment. Sediment thicknesses were determined from the isopach map of Ewing et al. [ 1973] .
The nature of the 5 ø X 5 ø average residual depth and gravity anomalies in the North Atlantic and their relationship to each other can be seen in Figure 5 , which presents a series of west to east profiles at roughly 5 ø spacings from 25 ø to 55øN (profiles a-g) and a profile along the Mid-Atlantic Ridge crest (profile h).
The southernmost profile at 24.5øN (profile a) is south of the 30øN boundary and is characterized by depth anomalies that are from a few hundred meters positive to a few hundred meters negative except near the African continental margin at the extreme eastern end of the profile. The residual gravity anomalies are also near zero to the east of the ridge crest but fall off' rapidly to the west 45øW, a condition illustrating the The other feature is a large area of negative anomalies in the western basin, which follows the western margin of the ocean from about 40øN into the South Atlantic. This feature has no relationship to the residual depth anomalies except that it is interrupted by an intermediate-wavelength gravity and topographic high over the Bermuda Rise.
NORTH ATLANTIC GRAVITY FIELD MODELS
In this section we wish to quantitatively investigate the pattern of gravity and depth anomalies in the North Atlantic Ocean. Specifically, we will concentrate on the area north of 30øN in which unusually shallow depths and large positive gravity anomalies are found over the same region. We will begin by determining the gravity anomalies resulting from a 'model' midocean ridge and its compensation on a spherical earth and then will examine how the 1 ø X 1 ø residual depth anomalies in the North Atlantic can be compensated in order to minimize the residual gravity anomalies. Finally, the implications and possible origin of the gravity and depth anomalies will be discussed.
It should be noted that our models are all compensated in that we seek to determine a family of mass distributions which can explain the observed gravity anomalies with the assumption that the pressure at some depth is a constant. There are thus two limitations on the model studies which follow. The first is that they are static models concerned with the distribution of mass and do not explicitly include any dynamic effects, although it is possible to invoke dynamic processes to produce and maintain the inferred mass distribution. The second limitation is that our models assume that any processes which are at work are isostatic in the sense that they produce a compensated mass distribution. An uncompensated uplift (or depression) of the lithosphere will produce a gravity effect which can be approximated by that of a Bouguer slab, Ag = 2•rGApAh, where Ah is the amount of uplift and Ap is the density contrast between asthenosphere and water. Thus the gravity effect of simply uplifting the lithosphere by 1 km is about 95 mGal. The residual gravity anomalies of 15-20 mGal observed in the North Atlantic could thus result from only 150 to about 200 m of uncompensated uplift. The observed depth anomalies in the region north of the 30øN boundary are much greater than that, averaging about 1 km. It can thus be concluded that the mass excess associated with the unusually shallow depths in the North Atlantic is at least in part balanced by a mass deficiency somewhere which greatly reduces the gravity effect of the excess elevation. For the purposes of carrying out our calculations we will assume that the compensation is exact, that is, that the excess is exactly balanced by the deficiency.
The input data for the spherical earth model calculations are averages over 1 ø X 1 ø squares of depth, sediment thickness, and lithospheric age. As a result, we can describe the structure in terms of 1 ø X 1 ø prisms and calculate the gravity effect of each prism by using an expression for the gravity effect of a radial mass line. The details of the gravity model calculations are given in the appendix. Figure 10 does not represent an attempt to find a 'best fitting' model or set of parameters. It is rather an example of one of a family of solutions which reproduce the general characteristics of the observed gravity field in which we have adopted convenient values for the various variables. Common characteristics of acceptable solutions are that most of the compensation of the depth anomalies occurs within the lithosphere but that within the anomalous region north of the 30øN boundary a portion of the compensation must extend to a depth of several hundred kilometers. Also, the deep mass deficiency must be of a nearly uniform amount throughout the anomalous area. The mainly shallow compensation is necessary in order that the gravity field be relatively uniform along isochrons and not reflect the large variations in depth. The deep compensation of a portion of the depth anomalies is necessary to elevate the general level of the field by 15-20 mGal above the anomaly due to the midocean ridge. The implication is that the Iceland and Azores topographic highs are for the most part compensated at relatively shallow depths but that the overall elevation of the North Atlantic is maintained at some greater depth.
DISCUSSION
The assumption of a particular mechanism of compensation, such as variations in crustal thickness, and the division of the compensation into a shallow body and a deep body are only mathematical conveniences. What is implied by the model studies is that the compensation of the regional depth anomalies in the North Atlantic must be distributed over several hundred kilometers and involve both the 'lithosphere and the asthenosphere. Also, the deep contribution must be fairly uniform over the entire anomalous region.
We thus agree with Sclater et al. [1975] that the asthenosphere must be involved in maintaining the depth anomalies in the North Atlantic. However, we disagree with them in that we have found that the large long-wavelength depth anomalies in the North Atlantic cannot originate entirely within the asthenosphere and in that there is not a simple one to one direct relationship between gravity and depth anomalies passing through the origin such as they hypothesize. A direct relationship between gravity and depth anomalies apparently can exist over single isolated features such as the Hawaiian Swell, as was demonstrated by Watts [1976] . Even there though, the gravity anomalies associated with the Hawaiian Swell are superimposed on longer-wavelength gravity anomalies unassociated with the oceanic depth, so that zero depth anomalies are associated with gravity anomalies of-15 to -20 mGal.
If the direct relationship hypothesized by Sclater et al. [1975] actually holds in the North Atlantic, then 5 ø X 5 ø average gravity anomalies of more than 100 mGal would be expected at Iceland, which is much larger than those observed (see Figure 2) . A second example is the western basin of the North Atlantic. Large negative gravity anomalies are found over this region (see Figure 1) , which has depths near or slightly shallower than those predicted for crust of that age As was mentioned above, the models which we have considered constitute a limited class of models which are compensated in the sense that we assume that an isobaric surface exists at some depth in the earth. We have not considered nonisostatic models or the stresses that will arise in either case.
In fact, deep compensation is achieved through the presence of lateral inhomogeneities in the asthenosphere, which implies the existence of nonhydrostatic stresses. An order of magnitude calculation of the stresses is given by Aphg, where Ap is the density contrast, h the thickness of the anomalous region, and g the gravity. For the model producing the anomalies shown in Figure 10 The presence of a narrow, deep structure extending to the lower mantle and resembling a plume (Figures 11a and 1 lb) beneath Iceland cannot be deduced from our data. However, it should be pointed out that such a structure would be difficult to detect from surface measurements in any event. What can be said from our data is that shallow compensation is present in the vicinity of iceland, and therefore if a plume is present, it must serve as a conduit for bringing a large quantity of low- There is therefore a correlation between the residual gravity anomalies and the residual depth anomalies in the sense that they both are consistently positive within a well-defined region. There is not, however, a direct relationship between the two parameters within the area. In particular, the depth anomalies vary by several thousand meters, and these variations are not reflected in the gravity field.
We used three-dimensional spherical earth models to investigate simple compensated mass distributions which could explain the observed patterns of gravity and depth anomalies in We suggest that the low densities could result from a modest increase of about 75øC in the temperature of the upper mantle. We speculate that the source of the increased temperatures could be related to an inhomogeneity in the lower mantle resulting in a greater than normal heat transport from the lower to the upper mantle beneath a well-defined area of the North Atlantic Ocean.
APPENDIX: DETAILS OF GRAVITY MODEL CALCULATIONS
The input data for the spherical earth model calculations are averages over 1 ø X 1 ø squares of depth, sediment thickness, and lithospheric age. As a result, the shallow structure and its compensation can be described in terms of 1 ø X 1 ø prisms. The gravity effect of each prism was computed by using an expression for the gravity effect of a radial mass line on a sphere.
The integral to be solved is The approximation of a 1 ø X 1 ø prism as a radial mass line is not good if the mass line is too near the point at which the computation is made. Figure 12 shows the percentage error in computing the gravity effect of a 1ø X 1ø square as a radial mass line as a function of the angular distance between the computation point and the center of the 1ø X 1ø square for two different prisms. The error was calculated by comparing the gravity effect obtained by approximating the 1 ø X 1 ø square by a single mass line to that obtained by dividing it into 400 subsquares, approximating each of them as a radial mass line, and summing their gravity effects.
It was necessary therefore to subdivide the 1 ø X 1 ø data squares into subsquares when they were near the point at which the computation was made. The gravity effect of each subsquare was then approximated by a radial mass line at its axis. The number of subsquares was chosen to keep the error in calculating the gravity effect below 1%.
The gravity anomalies were calculated at the corners of data squares in Order. to keep the minimum distance from the point of computation to the center of the data squares as large as possible, EVen so, it was found that a prohibitive number of subsquares were required to obtain acceptable accuracy for the four data squares immediately adjacent to the computation point. Therefore the gravity effect of th e' adjacent 1 o • 1 ø squares was computed by using expressions for the gravity effect of a rectangular parallelopiped given by equations (21) and ( 
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I-0 Data squares corresponding to shallow structure above about 20-km depth were subdivided into nine parallelopipeds. A single parallelopiped was used for the deeper structure.
Economy in computing time was obtained by combining 25 1 o X 1 o squares into a single 5 ø X 5 ø square when the angular distance from the computation point to the center of the 5ø X 5 ø square was greater than 10 ø. This was done only if the 1 o X 1 o squares within the 5 ø X 5 ø square were either all oceanic or all continental so that they all have a similar crustal structure.
